[1] We applied a revised diagnosis of water mass formation and mixing to a 1/8°7 resolution ocean model of the Mediterranean Sea. The diagnosis method used and 8 presented by Iudicone et al. (2007) is similar to that developed by Walin (1982) and 9 applied to the Mediterranean Sea by Tziperman and Speer (1994) , to which we added a 10 penetrative solar radiation. Both the prognostic model and the diagnostic method 11 were in agreement with respect to the solar flux parameterization. Major changes were 12 observed in the yearly budget of water mass transformation when the penetrative 13 solar radiation is taken into account in the diagnosis. Annual estimates of water mass 14 formation rates were decreased by a factor of two, with values within the range 15 [À3.7 Sv, 1.5 Sv] compared to [À6 Sv, 3 Sv]. This decrease resulted from a lower seasonal 16 variation when penetrative solar radiation was included. This can be explained by the 17 fact that the solar radiation flux acted over a wider range of seawater density leading to 18 lower net values over a given density interval. The major impact of the penetrative solar 19 radiation occurred during spring and summer. Newly formed dense water was then 20 transformed into lighter water with a rate reaching a value about 50% of that of the water 21 mass formation rate in winter. Another consequence was that mixing processes which 22 counteract formation rate in yearly budget of water mass formation rates, were 23 overestimated. We showed that, in spring and summer, about a third of the transformation 24 took place below the surface layer. 
[5] The present work was to provide a refined diagnosis 99 of water mass formation rates in the Mediterranean Sea, 100 based on the analysis of numerical simulations of the whole 101 Mediterranean Sea. To do so, we introduced a parameteri-102 zation of the penetrating solar radiation into the Tziperman 103 and Speer diagnostics. Besides, we quantified the influence 104 of the introduction of a penetrative solar radiation flux into 105 this diagnosis and we established water mass budgets in the 106 mixed layer of the ocean and below the mixed layer.
107
[6] This paper is organized as follows. In section 2, we 108 describe the oceanic numerical model used in our study. [Madec et al., 1998 ]. This configuration was Madec et al., 1996] or the Etesian wind (Aegean Sea). The 176 result is that only high-resolution atmospheric models are 177 able to reproduce these local features [Horton et al., 1994] .
178
We considered here the high-resolution ECMWF analysis
179
(equivalent to 0.5°Â 0.5°) which allows a good represen- ; positive values indicate heat flux from the atmosphere to the ocean.
[12] The oceanic model was forced during 12 years with 224 three cycles of the four years (1998 -2002) 
Mixed-Layer Depth
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[15] A snapshot of the maximum mixed-layer depth in
267
February is given in Figure 3b . The mixed-layer depth is 268 defined as the depth at which the potential density exceeds 
285
[17] These results compared quite well with observations.
286
The mixed-layer depth in the Gulf of Lions, where the Schlitzer, 1991; Vilibic and Orlic, 2002] . In the Levan-298 tine Basin, the mixed-layer depth can reach about 500 m 299 where Levantine IntermediateWater (LIW) was formed 300 (28.9 < r < 29.1 kg m À3 [Roether et al., 1998] ). This depth 301 can exceed 1000 m when Levantine Deep Water is formed 302 [Gertman et al., 1994] 337 corresponds to three full months: winter is January, Febru-338 ary, March; spring is April, May, June; summer is July, 339 August, September; and autumn is October, November, 340 December. One can easily see that the widest density range 341 corresponds to the solar heat flux in spring and summer. The 342 strongest density variations occurred during these two 343 seasons in the first 60 m of the water column, for which 344 the solar heat flux was significant (160 W m À2 at the surface 345 to 5 W m À2 at 60 m depth, in summer, and 170 W m À2 at 346 the surface to 5 W m À2 at 60 m depth, in spring). For a 347 quantitative characterization of this effect, the solar heat 348 flux received per density range averaged over the Mediter-349 ranean basin is given in Figure 4b, 
399 As in the work of Tziperman and Speer [1994] let us 400 defined a volume transformation rate per density interval as 401 F(r) = lim(Dr ! 0)
Dr . The quantity F that is expressed in 402 Sv (1 Sv = 10 6 m 3 s À1 ), is a more familiar quantity than the 403 transformation rate F. Note that the difference with previous 404 methods consists in the inclusion of the solar irradiance as a 405 3-D term in (4).
406
[25] Equation (4) is discretized on the grid of the numer-407 ical model, with volume grid cells Dx Â Dy Â Dz, with an 408 elementary density interval of width Dr and for a duration 409 of NDt. Only the term that includes the solar radiation flux 410 is discretized on the 3-D grid of the numerical model; the 411 others terms are only discretized on the horizontal grid. One 412 then gets the revised volume transformation rate per density 413 interval, F as:
The quantity F corresponds to that defined by equation (4 (Figures 6b, 6d , and 6f).
475
With the revised method, a larger density range is influ-
476
enced by the penetrative solar radiation due to the shallow- Dr. Q nsol is the nonsolar heat flux, E À P is the freshwater flux and Q sol is the penetrative solar radiation.
477 ness of the mixed layer. This has two main consequences. 478 First a weaker transformation rate is obtained for the lowest 479 densities, i.e., surface waters, due to a reduced solar heating 480 contribution. Secondly, it highlights the contribution of the 481 penetrative solar radiation to the transformation of fairly 482 high-density water into lighter water, due to a reduced 483 absorption of solar radiation in the mixed layer. More 484 precisely, in spring the transformation rate is reduced for 485 potential densities less than s q = 27.6 kg m À3 and increased 486 for higher densities, up to 29 kg m À3 . Also, the upper 487 boundary of the density range influenced by the solar 488 radiation flux is slightly shifted, from 28.8 to 29 kg m À3 , 489 during these seasons in the eastern basin, showing the partial 490 destruction of the LIW formed in winter (Figure 6f ). In the 491 western basin, a more important quantity of WIW and LIW 492 at densities between 28.6 and 29 kg m À3 (Figure 6d ) is 493 transformed into lighter water. The most important changes 494 concerns the summer season when the solar radiation flux is 495 maximum and the mixed layer at its shallowest. The density 496 range influenced by the solar radiation flux is then much 497 wider, reaching an upper boundary of 28.9 kg m À3 in the 498 eastern basin (Figure 6f ), to be compared to that of 27.5 kg 499 m À3 obtained with the classical method and an upper 500 boundary of 28.7 kg m À3 in the western basin ( Figure 6 ) 501 to be compared to that 26.8 kg m À3 with the classical 502 method. These high-density waters (basically LIW) are then 503 destroyed in summer. As a consequence of the reduced solar 504 radiation flux with respect to the water of lowest density 505 (surface water and MAW), their transformation rate is 506 reduced. In summary, the main impact of the penetrative 507 solar radiation is to destroy high-density water created 508 during autumn and winter. The rate of destruction reaches 509 50% of the rate of formation (about 0.2 Sv in summer and 510 about 1.1 Sv in spring; Figure 6b ). This change is partic-511 ularly relevant to the estimation of water mass mixing as 512 discussed in the following. Indeed, using the classical 513 method for determining water mass formation, the high-514 density water masses formed in autumn and winter were 515 ''seen'' to be destroyed only through mixing, if one assumes 516 zero annual variation in water volume in the Mediterranean 517 Sea. [30] The analysis of the life cycle of water masses was 520 conducted on the basis of volume budgets of water 521 contained between two isopycnals. To this end we used 522 the equation of conservation of water volume established by 523 Nurser et al. [1999] [see also Large and Nurser, 2001 (equation (6)). For the sake of simplicity, we analyzed the 538 diapycnal transport across r, namely the volume budget for 539 water lighter than r as deduced from the integration in r of 540 equation (6). Let us now integrate equation (6) with respect 541 to density intervals. We obtain a budget equation for density 542 of the form: highest-density water, with a value of about 2 Sv (Figure 7a ).
566
The transformation rate (i.e., F(r)) induced by the heat and 
583
In the eastern basin, transformation of MAW through represented by a thick black line, the advection term, Dy, by a thick dark-grey line, the diapycnal fluxes terms, @D diff @r , by a thin light-grey line, and the transformation rate (as in Figure 6 ), F(r), by a thin black line. Terms inferred using the revised method are plotted with a full line, while those inferred using the classical method are plotted with a dashdotted line. Vertical dashed lines mark the density layers of the different water masses of the basin (for definition see Figure 6 and section 3.2.2).
605 25 and 28 kg m À3 (Figure 8a ). Again both transformation 606 rate and diapycnal fluxes play a counteracting role in this 607 evolution, as detailed above.
608
[36] In the range s q < 28. kg m À3 , the analysis of the 609 revised method showed an overestimation of the budget but 610 the shape of the different curves remains similar. ], when taking into account the 613 penetrative solar radiation in the diagnosis: the transforma-614 tion rate (F(r)) of the densest waters increased from 3 Sv with 615 the classical method to 4 Sv with the revised method and 616 covered a wider range (see section 4.1).
617
[38] As shown in section 4.1, in summer, the transforma-618 tion rate computed with and without the penetrative solar 619 radiation method are strongly different, especially in the high 620 density range where a water mass formation can occur instead 621 of a destruction with the classical method (Figure 8b ). In the 622 light density range, the volume budget is overestimated with 623 the classical method, as in spring. At densities greater than 624 s q = 27 kg m
À3
, the major effect of the penetrative solar 625 radiation was to transform dense water into lighter water. summer, we focused on these two seasonal budgets. In and diapycnal fluxes terms are almost balanced. These two Figure 9 . Seasonal water volume budgets versus potential density: (a) in spring for the surface layers (the maximum depth of this layer is equal to 17 m), (b) in spring for the ocean interior, (c) in summer for the surface layers (the maximum depth is equal to 9 m), and (d) in summer for the ocean interior; colorcoded lines as in Figure 8 . Positive values of the slope are related to the formation of water masses, negative values, to the destruction of water masses.
